INTRODUCTION
Coronaviruses are large RNA viruses that naturally infect such animals as rodents (Cheever et al., 1949; Gledhill & Andrewes, 1951) , pigs (Doyle & Hutchings, 1946) , cats (Holzworth, 1963) , fowl (Schalk & Hawn, 1931) , cattle (Kaye et al., 1975) and humans (Hamre & Procknow, 1966; McIntosh et al., 1967) , causing a wide spectrum of disorders involving numerous organ systems. One of the best studied coronaviruses is mouse hepatitis virus (MHV). MHV contains a polyadenylated, non-segmented infectious RNA genome (Lai & Stohlman, 1978; Wege et al., 1978; Siddell et al., 1980) that is transcribed into a full-length negative strand (Lai et aL, 1982; Baric et al., 1983) possibly by an early RNA polymerase (Brayton et al., 1982) . Seven overlapping mRNAs are transcribed from this template (Cheley et al., 1981 ; Lai et al., 1981 ; Leibowitz et al., 1981 ; Spaan et al., 1982; Weiss & Leibowitz, 1983) presumably by a leaderprimed transcription mechanism (Baric et al., 1985) .
A number of strains of MHV are of particular interest since they have the ability to establish persistent infections under certain circumstances both in vivo and in vitro (Lucas et al., 1977 (Lucas et al., , 1978 . The JHM strain of MHV can cause a chronic neurological disease in rodents under certain conditions (Haspel et al., 1978 , Nagashima et al., 1978 Sorensen et al., 1980) . Typical of such infections is a state of virus persistence in the central nervous system, in which discrete pockets of virus-infected cells co-exist among areas of apparently normal, uninfected tissue. Although the JHM strain of MHV has been the virus of choice in this experimental system, it has been demonstrated that other MHV strains such as MHV-3 (Le Prevost et al., 1975) and A59 (Hirano et al., 1980) can cause chronic infections in rodents.
MHV can also cause persistent or acute infections in vitro. We have been studying the ability of a number of cell lines to undergo an acute or persistent infection with the A59 strain of MHV. In particular, we studied MHV-infected L-2 cells, which undergo an acute, fusogenic infection, and LM-K cells, which undergo a persistent, weakly fusogenic infection. Mizzen et al. (1983) demonstrated that two host cell determinants of MHV persistence are resistance to MHVinduced cell fusion and to an unspecified early event in virus infection. In the present study we examined, in a comparative manner, early events in MHV replication in cells of varying permissiveness.
METHODS

Cells and virus.
The L-2 line (Rothfels et aL, 1959) and the thymidine kinase-deficient LM line (Kit et al., 1963) designated here as LM-K were used. Other cell lines used in this study were LM-ATCC mouse fibroblasts (Merchant & Hellman, 1962) (from the American Type Culture Collection) designated here as LM, a mouse neuroblastoma cell line, C-1300 (Augusti-Tocco & Sato, 1969) , a mouse astrocytoma cell line, C-6 (Benda et al., 1968) and an African green monkey kidney cell line (Vero) (Yasumura & Kawakita, 1963) . The A59 strain (Manaker et al., 1961) of MHV and the Indiana serotype of vesicular stomatitis virus (VSV) were used.
Infection and culture conditions. Cells were propagated at 37 °C as monolayers in standard medium (SM) composed of Eagle's MEM supplemented with 5% (v/v) foetal calf serum, 100 units/ml penicillin and streptomycin. Pre-titrated stocks of MHV were adsorbed onto L-2 or LM-K cell monolayers for 30 rain at 4 °C, washed five times with MEM and incubated at 37 °C in SM.
Characterization of MHV infection of cultured cell lines. Various cell lines were infected with MHV at different m.o.i, values. The percentage of infected cells was determined by infectious centre assay and virus output was determined by plaque assay. Fusogenic activity was determined qualitatively by light microscopy.
Infectious centre assay. To determine the number of infected cells in monolayer cultures, infectious centre assays were performed. Cells were harvested at various times post-infection (p.i.) by treatment with proteinase K. This involved treating the cultures with proteinase K (0.5 mg/ml) in phosphate-buffered saline (PBS) for 45 min at 4 °C to remove external, cell-associated virus (Helenius et al., 1980) . After terminating the protease treatment with a solution of 1 mM-PMSF in PBS containing 3% bovine serum albumin (BSA), the cells were transferred to a centrifuge tube, spun into pellets (1 min at 650g), washed twice with 0.2% BSA in PBS and resuspended in 1 ml SM. Tenfold dilutions were made. Aliquots of the resuspended cells were layered onto L-2 cell monolayers, allowed to attach for 2 h at room temperature and then overlaid with SM containing 0.5~ methyl cellulose (4000 cP; Fisher). Plaques were stained with crystal violet after 24 to 36 h at 37 °C.
Plaque assay. Plaque assays were performed to titrate infectious progeny or intraceUular virions. Aliquots of 10-fold dilutions of virus were applied to L-2 cell monolayers for 30 min at room temperature, washed three times and overlaid with SM containing 0-5~ methyl cellulose (4000 cP). Plaques were stained as described above.
Quantification ofRNA synthesis per infected cell. Cultures of LM, C-1300 and LM-K cells were inoculated at an m.o.i, of 10 and L-2 cells at an m.oA. of 0-01. RNA was extracted as described (Cheley et al., [981) at 0, 4, 8, 12 or 16 h p.i. and aliquots corresponding to that extracted from 104 or 103 cells were dot-blotted onto nitrocellulose (Cheley & Anderson, 1984) . Synthesis of MHV-specific RNA was detected by hybridization with a 32Pqabelled cDNA probe (Shank et al., 1978) prepared against nucleocapsid protein mRNA (Cheley et al., 198 I) . MHV RNA synthesis per infected cell was quantified by combining the data from a densitometric scan of the dot blot autoradiogram and the infectious centre data.
Quantification of viral protein synthesis per infected cell. The ELISA procedure of Buchanan et aL (1981) was performed on MHV-infected cells grown in 96-well microtitre trays using different m.o.i, to standardize numbers of infected cells. In order to correlate the absorbance values obtained by ELISA with amounts of viral protein, a calibration experiment was performed using MHV-infected L-2 cells. At 6, 9 and 12 h p.i., one series of infected cultures was harvested for assay of total protein content by the method of Lowry et al. (1951) , while a duplicate series was harvested in dissociation buffer (1 m~-PMSF, 7mM-Tris-HC1 pH6.8, 6~SDS, 3.46M-2-mercaptoethanol, 30 ~ glycerol and 0.006 % bromophenol blue), subjected to SDS-PAGE analysis and visualized using the silver staining procedure of Wray et al. (1981) . The proportion of MHV protein in the total sample was assessed by a densitometric scan of the silver-stained gel. The ELISA absorbance values obtained for MHVinfected L-2 cells were then correlated with amounts of synthesized MHV protein and, in combination with the infectious centre data, converted to units of pg of MHV protein synthesized per infected cell.
Determination of susceptibility to infection.
To assay the process of virus internalization, pre-chilled cultures of L-2 and LM-K cells were adsorbed with MHV for 30 min at 4 °C at an m.o.i, of 10, washed five times with cold MEM, warmed by the addition of SM at 37 °C and incubated at 37 °C for various lengths of time. Cultures were subsequently treated with proteinase K (as described above). The final cell pellets were assayed for internalized infectious virus by the infectious centre assay.
Radiolabelled virion binding assay. VSV and MHV were radiolabelled by growth in L-2 ceils in medium containing 32p~. Virions were pelleted by centrifugation and purified on a continuous 15 to 45% (w/w) sucrose gradient. Virions (approx. 106 p.f.u.) were adsorbed to various cell lines (approx. 5 x 106 cells) for 10 or 30 rain at 4 °C and washed three times with cold MEM. Ceils were solubilized with 1% Triton X-100 containing 1% SDS and assayed for cell-bound radiolabelled virions by liquid scintillation spectrometry of trichloroacetic acidprecipitable counts.
Infectious virion binding assay. Virions were adsorbed to the cell lines for 30 min at 4 °C and washed 10 times.
Bound infectious virions were determined by plaque assay of the dounce-homogenized cell lysates.
Effect of DEAE-dextran on virion binding or uptake.
Various concentrations of DEAE-dextran (Sigma) were added to the cell monolayers for 1 h pre-and post-adsorption and during adsorption at 4 °C. Post-adsorption monolayers were incubated at 37 °C, washed, treated with proteinase K (as described above) and the number of infected cells was determined by the infectious centre assay.
Effect of colchicine and cytochalasin B on virus internalization. Cell monolayers were treated with various
concentrations of colchicine (Sigma) or cytochalasin B (Sigma) and processed as described above for DEAE-• dextran.
Intracellular infectious virus assay. L-2 and LM-K cell monolayers were adsorbed with MHV for 30 rain at 4 °C at an m.o.i, of 10 and washed five times with cold MEM. Pre-warmed SM was added and the monolayers were incubated at 37 °C for various intervals. Cultures were treated with proteinase K (as above). The final cell pellets were Dounce-homogenized 60 times on ice and subjected to a single round of freezing (-70 °C) and thawing. The clarified supernatant was assayed for infectious virus by plaque assay.
RESULTS
Characterization of MHV replication in selected cell lines
When exposed to the same virus inoculum (MHV-A59), three cell lines (C-1300, LM and LM-K) gave rise to much smaller numbers of infected cells, compared to the fully permissive L-2 cell line (Table 1) . For the purposes of subsequent analyses it was convenient to define a semipermissive category of ceils with respect to MHV infection. We defined such cells, in contrast to fully permissive L-2 cells, as those which produced a substantially smaller (100-to 1000-fold) (Table 1 ). Cultures were inoculated at an m.o.i, of 10 (C-1300, LM-K and LM) or 0.01 (L-2) and at 6, 9 and 12 h p.i. the monolayers were processed for ELISA. In conjunction with ELISA, parallel experiments were performed on infected L-2 cells to determine the total and MHV-specific protein content at 6, 9 and 12 h p.i. Using the infectious centre results (Table 1) and the above ELISA and MHV protein content data, the calculation of pg MHV protein per infected cell was performed and plotted. C-1300, f-q; LM-K, A; LM,/k; L-2, O.
numbers of infectious centres. The infectious centre assay results for fully permissive (L-2), semipermissive (LM-K, LM and C-1300) and non-permissive (C-6 and Vero) cells are shown in Table 1 . Infection of the semi-permissive cell lines with an m.o.i, of 10 (as determined on L-2 cells) gave rise to much smaller numbers of infectious centres. Using these data it was possible to assess parameters of virus replication, on an infected cell basis, for the various cell lines. All three semi-permissive cell lines were found to yield progeny MHV in numbers (per infected cell) comparable to or higher than those produced by fully permissive L-2 cells (Table 1) . From Table 1 , it is apparent that 'semi-permissive cells' (e.g. L M, LM-K and C-1300 cells) can behave differently with respect to the outcome of infection, particularly with respect to their susceptibility to fusion. Such differences probably relate to late events in the MHV replication cycle and require future study.
Quantification of MHV RNA and protein per infected cell
In order to determine whether the semi-permissive cell lines were deficient in allowing viral RNA synthesis, densitometric scanning of an RNA dot blot was performed. RNA from semipermissive cell lines (LM, LM-K and C-1300) infected at an m.o.i, of 10 and from the fully permissive L-2 cell line infected at an m.o.i, of 0.01 were applied to nitrocellulose as previously described (Cheley & Anderson, 1984) . Nucleocapsid mRNA was also applied as a standard. MHV RNA synthesis was quantified per infected cell by combining the data from a densitometric scan of the RNA dot blot autoradiogram (data not shown) and the infectious centre data in Table 1 . The amounts of MHV-RNA synthesized in the permissive and semipermissive cells were comparable, reaching a maximum of approximately 0-3 to 0-6 pg per infected cell by 16 h p.i. (Fig. la) .
Having previously established that all three MHV structural polypeptides were present in the infected semi-permissive cell lines (data not shown), an ELISA was developed to quantify the amount of total MHV protein synthesized in the permissive and semi-permissive cell lines. terms ofpg MHV protein synthesized per infected cell (Fig. 1 b) using the infectious centre data in Table 1 . From Fig. 1 (b) it is evident that the semi-permissive cell lines synthesized levels of MHV proteins, per infected cell, comparable to permissive L-2 cells, with maximum accumulation (4 to 7 pg/cell) occurring by 12 h p.i.
Virion binding assays
In radiolabelled virion-binding studies it was found that VSV bound to C-6, L-2, LM and LM-K cells, which are fully permissive to VSV. Similarly, MHV was found to bind to the same ceils, although only L-2 cells are fully permissive. Levels of viral binding were similar with C-6, L-2 and LM cells but binding was fivefold lower with LM-K cells (Fig. 2 b) . Since the binding studies with radiolabelled virions measured structural binding of all virions and a given inoculum normally contains a great excess of virions which are non-infectious, another assay was performed to determine the number of infectious virions which were bound to the fully permissive L-2 cells and the semi-permissive LM-K cells. Table 2 shows that MHV bound similarly to L-2 and LM-K cells (i.e. only a threefold difference).
Typical yields for this assay, which depends on recovery of adsorbed infectious virus, were low (i.e. the inoculum titres were approx. 106 p.f.u, whereas the adsorbed titres were approx. 103 p.f.u.). This finding is not surprising in view of the fact that much of the recovered virus may remain associated with cell membrane receptors and is therefore scored as non-infectious by plaque assay. 
Time course and characteristics of infectious virus internalization
Further experiments were pursued in order to identify the limiting step in MHV infection of LM-K cells which results in a semi-permissive, persistent infection. Mizzen et al. (1983) previously demonstrated that LM-K cells were 500-to 1000-fold less able to be infected with MHV than were L-2 cells. In order to examine virus uptake from the cell surface, proteinase K was used to strip cell-bound (but not internalized) virions from the cell surface. Cultures of L-2 and LM-K cells were exposed to MHV for adsorption (30 min at 4 °C), then subsequently warmed to 37 °C to allow virion internalization. As shown in Fig. 3 , maximal internalization of MHV into either L-2 or LM-K cells had occurred within 40 min. However, the susceptibility to infection of L-2 cells was approximately 500-fold greater. Since, as shown above, MHV adsorption to either cell line was similar, the results of Fig. 3 suggest that a step encompassing or following MHV internalization is quantitatively different between L-2 and LM-K cells.
In an attempt to assess virion internalization more directly in L-2 and LM-K cells, proteinase K-resistant (i.e. intracellular) infectious MHV was quantified at various times following adsorption at 4 °C. The level of infectious intracellular virus increased in both L-2 and LM-K cells, reaching a peak at 30 rain p.i. followed by a decrease to background levels by 2 h p.i. (Fig.  4) . Peak recovery of infectious virus was only approximately threefold greater for L-2 cells than LM-K cells. It should be pointed out that the yields of recovered infectious MHV (a maximum of 103 p.f.u.) lay far below the levels of input virus (approx. 106 p.f.u.) that were applied. However, quantitative recoveries would only be expected if (i) homogenization resulted in complete liberation of internalized virions from their endosomal compartments, and (ii) no uncoating and/or lysosomal degradation occurred. Despite the low recoveries, the time course profiles (Fig. Table 3 .
Effect of DEAE-dextran on the susceptibility of L-2 and LM-K cells to MHV infection*
Concentration of Susceptibility to infectiont
I 2 x 104 3.2 x 102 5 4 x 104 4-9 x 102 10 6 x 104 6"6 x 102 20 1.6 x 10 s 5"6 x 102 * Cell monolayers (2 x 106 cells) were treated for 1 h pre-and post-infection with various concentrations of DEAE--dextran. Virus was adsorbed for 30 min at 4 °C. Monolayers were washed five times and incubated at 37 °C for 1 h. Extracellular virions were removed by treatment with proteinase K. Susceptibility to infection was determined by infectious centre assays on L-2 cell monolayers.
t Infectious centres/106 cells. * Cell monolayers in duplicate were treated with various concentrations of cytochalasin B or colchicine (in separate experiments) for 1 h pre-and 1 h post-infection. Virus was adsorbed for 1 h at 4 °C. Cell monolayers were washed three times and incubated in the presence of the drug for 1 h at 37 °C. Non-internalized virions were removed by proteinase K treatment. The effect of cytochalasin B and colchicine on susceptibility to MHV infection was determined by performing infectious centre assays on L-2 cell monolayers.
t Infectious centres/106 cells. 4) were as would be expected from virion internalization, i.e. an initial increase in cell-associated virion infectivity followed by a decline as virions were subjected to uncoating and/or degradative processes. Assuming the results in Fig. 4 are representative of the predominant mode of entry, they suggest that MHV enters both cell types by endocytosis rather than by fusion at the plasma membrane. If the latter mechanism were operative, an initial increase in internalized virus infectivity would not be expected. However, the possibility that some MHV may enter by fusion with the plasma membrane cannot be excluded. The similarities in the MHV internalization profiles for both L-2 and LM-K cells suggest that the process of virion uptake occurs with similar efficiency; on the other hand, C-6 cells are defective in MHV internalization (Van Dinter & Flintoff, 1987) . Since DEAE--dextran has been shown to enhance adsorption and/or uptake of other viruses (Bailey et al., 1984; Wunner et al., 1984) , we examined its effect on the infection of L-2 and LM-K cells with MHV. As shown in Table 3 , DEAE-dextran had a positive effect on the susceptibility of L-2 cells to MHV infection but had no effect in the case of LM-K cells. The positive effect on MHV infection of L-2 ceils suggests that DEAE-dextran is indeed able to enhance MHV virion adsorption and/or penetration. In the case of L-2 ceils, this resulted in an increased susceptibility to infection, presumably since MHV infection in L-2 cells is not restricted, in contrast to LM-K cells, at a post-internalization step. The lack of effect on infection of LM-K cells with MHV further supports the idea that the restrictive block in this case is one that follows virion adsorption and internalization.
Evidence has been presented (Mallucci & Edwards, 1982) that microfilament components of the cellular cytoskeleton may influence the severity (acute as opposed to persistent) of MHV infection in macrophages. We therefore investigated the possibility that cytoskeletal differences between L-2 and LM-K cells may be involved in their differential susceptibility to MHV infection. Both L-2 and LM-K cells were pre-treated with the drugs cytochalasin B or colchicine to disrupt elements (microfilaments and microtubules, respectively) of the cytoskeletal systems. As shown in Table 4 , neither drug affected the susceptibility of either cell line to MHV infection; nor did either drug affect MHV replication, as measured by plaque assay of progeny virus (data not shown). It is therefore unlikely that MHV replication requires any involvement of the cytoskeletal system, and that differences in susceptibility to infection of various cell lines are due to functions mediated by cytoskeletal elements.
DISCUSSION
The mechanisms underlying genetic resistance to MHY infection are receiving considerable attention from a number of laboratories. In certain cases, cellular resistance to MHV infection may result from a deficiency of virus-specific receptors (Tardieu et al., 1986; Boyle et al., 1987) in a manner analogous to that demonstrated for a variety of other viruses (McLaren et al., 1959; Weiner et al., 1977; Jondal & Klein, 1973; Dalgleish et al., 1984) . While cellular restriction of virus adsorption appears to be a general mechanism of virus resistance, there are examples in which a post-adsorption step is involved, possibly at the level of internalization or uncoating (Krontiris et al., 1973; Shapiro et al., 1982; Piraino, 1967; Steck & Rubin, 1966; Van Dinter & Flintoff, 1987) . Recently it has been reported that resistance of C-6 cells to MHV infection is due to defective internalization (Van Dinter & Flintoff, 1987) . In contrast, we found that MHV infection in LM-K cells was limited by an event that chronologically correlated with virion uncoating.
We undertook analyses of MHV replication in different cultured cell lines which differ with respect to their permissiveness to MHV infection. We showed in the present study that, once infected, a variety of semi-permissive cell lines (LM, LM-K, C-1300) are as efficient as fully permissive L-2 cells in the synthesis of MHV RNA, polypeptides and progeny virions. In an examination of early events in MHV replication, we showed that the degree of permissiveness to MHV infection did not generally correlate with virus binding. Radiolabelled MHV was able to bind to fully resistant C-6 cells and to a similar degree to both fully permissive L-2 cells and semipermissive LM cells. The level of binding of MHV to LM-K cells was approx, fivefold lower than its binding to L-2 cells. This latter result was confirmed using an assay of cell-bound infectious MHV. The three-to fivefold difference in virion binding to L-2 and LM-K cells does not explain the observed differences in susceptibility to infection between the two cell lines.
Virion internalization, as monitored by assessing infectivity of internalized inoculum, was shown to differ very little between L-2 and LM-K cells. Moreover, the use of compounds such as DEAE-dextran or cytoskeleton disruptors, which might affect virus internalization, had little effect in enhancing MHV infection of the semi-permissive LM-K cells. DEAE-dextran has been reported to increase binding and/or uptake of VSV (Bailey et al., 1984) and rabies virus (Wunner et al., 1984) by BHK cells. While the involvement of the cytoskeleton in endocytosis is unclear, there is evidence that phagocytosis is mediated partly by cytoskeletal elements (for review, see Dimmock, 1982) . We therefore conclude that it is unlikely that MHV virions are taken up by either L-2 or LM-K cells in a phagocytic process.
With respect to the differences in MHV replication in L-2 and LM-K cells, we noted both an early and a late event which are restricted in LM-K cells (Mizzen et al., 1983) . As shown previously (Mizzen eta/,, 1983) , the late event involves the expression of MHV-induced cell membrane fusion which proceeds much less readily in LM-K than in L-2 cells, thus restricting both the killing of cells and virus dissemination. The present study which concentrated on the early block of MHV/LM-K infection provides evidence that this block lies chronologically between the events of virion internalization and viral RNA synthesis. The most likely candidate event would thus appear to be the uncoating step.
Marsh et at. (1983) suggest, in the case of Semliki Forest virus, that productive virus infection depends on the efficient fusion of the viral envelope with the encapsulating endosomal membrane (thus liberating the viral genome into the cytoplasm) prior to the stage at which endosomes normally fuse with (degradative) lysosomes. Given the previously demonstrated resistance of LM-K membranes to undergo fusion when exposed to fusogenic MHV E2 protein (Mizzen et al., 1983) , one can speculate that both the early and late blocks to MHV infection of LM-K cells may be different manifestations of fusogenic E2 interactions with cellular membranes, i.e. plasma or endosomal membranes.
As a result of studies with viruses such as Semliki Forest virus, Sindbis virus, influenza virus and VSV, the molecular aspects of virus uncoating are beginning to be understood (for review, see Marsh, 1984) . In the case of other viruses which are less readily obtained in large quantities, investigation at the molecular level of the events that take place during productive virus uncoating (presumably in competition with lysosomal degradation) has been technically difficult. Sharing the mode of entry for a number of enveloped viruses, MHV appears to be internalized by a mechanism involving endocytosis (David-Ferreira & Manaker, 1965; Mallucci, 1966; Krzystyniak & Dupuy, 1984; Mizzen et al., 1985) . Despite the low levels of internalized MHV inoculum, we are presently attempting to characterize the fate of virion genomic RNA shortly after penetration of MHV into selected cell lines in order to distinguish between productive and degradative virion processing.
